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ABSTRACT
Spectropolarimetric observations of prominences have been obtained with the THEMIS telescope during four
years of coordinated campaigns. Our aim is now to understand the conditions of the cool plasma and magnetism
in ‘atypical’ prominences, namely when the measured inclination of the magnetic field departs, to some extent,
from the predominantly horizontal field found in ‘typical’ prominences. What is the role of the magnetic field
in these prominence types? Are plasma dynamics more important in these cases than the magnetic support?
We focus our study on three types of ‘atypical’ prominences (tornadoes, bubbles and jet-like prominence erup-
tions) that have all been observed by THEMIS in the He I D3 line, from which the Stokes parameters can be
derived. The magnetic field strength, inclination and azimuth in each pixel are obtained by using the Principal
Component Analysis inversion method on a model of single scattering in the presence of the Hanle effect. The
magnetic field in tornadoes is found to be more or less horizontal, whereas for the eruptive prominence it is
mostly vertical. We estimate a tendency towards higher values of magnetic field strength inside the bubbles
than outside in the surrounding prominence. In all of the models in our database, only one magnetic field ori-
entation is considered for each pixel. While sufficient for most of the main prominence body, this assumption
appears to be oversimplified in atypical prominence structures. We should consider these observations as the
result of superposition of multiple magnetic fields, possibly even with a turbulent field component.
1. INTRODUCTION
With the current armada of spacecraft observing the Sun we
have an accurate view of solar phenomena occurring in the
corona. Movies obtained with high spatial and temporal res-
olution by imagers such as the Solar Optical Telescope (SOT;
Suematsu et al. 2008; Tsuneta et al. 2008) on the Hinode satel-
lite (Kosugi et al. 2007) and the Atmospheric Imaging Assem-
bly on the Solar Dynamics Observatory (AIA, SDO; Lemen
et al. 2012) allowed us to discover the incredible dynamic na-
ture of prominences, even the quiescent ones: apparent up and
down flows in quasi-vertical structures, rising bubbles and ap-
parently rotating - tornado-like - structures (Dudı´k et al. 2012;
Orozco Sua´rez et al. 2012; Wedemeyer et al. 2013; Berger
2014; Su et al. 2014). These observational characteristics lead
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us to the question: are the dynamics within the prominence
more important than the magnetic field for prominence for-
mation and stability? This would require a plasma-β > 1.
Spectroscopy is useful to analyse the real plasma motion and
its physical conditions (Labrosse et al. 2010). Rotation around
a central axis has been detected in a tornado-like structure,
in hot plasma (logT > 6) surrounding the prominence legs
by the Extreme-ultraviolet Imaging Spectrometer (EIS; Cul-
hane et al. 2007), a subsystem of the Hinode satellite (Su
et al. 2014; Levens et al. 2015). Using Hα spectra obtained
with the Multi-channel Subtractive Double Pass (MSDP) in-
strument at the Meudon Solar Tower it has been seen that a
high level of dynamics in a prominence can derive from mag-
netic fine structures that are weakly magnetised (Guna´r et al.
2012). However, it has been shown that the velocity vectors
are not aligned with the apparent vertical structures in promi-
nences, as the movies from SDO/AIA and Hinode/SOT sug-
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gest, but in fact have a significant angle with respect to the
vertical (Schmieder et al. 2010). In hedgerow prominences,
Chae (2010) suggested that the descending observed knots are
supported by horizontal magnetic fields against gravity, even
when they are moving downwards, and the complex variations
of their descent speeds should be attributed to small imbal-
ances between gravity and the force of magnetic tension. The
IRIS satellite (De Pontieu et al. 2014) provides tremendous
data on prominences. It has observed a number of quiescent
and eruptive prominences in the chromospheric Mg II h and k
lines (Schmieder et al. 2014; Liu et al. 2015; Vial et al. 2016;
Levens et al. 2016). The highly dynamic plasma observed,
even in quiescent prominences, could answer the question of
short scale height of the plasma pressure compared with the
common height of prominences (Schmieder et al. 2014).
Theoretical models of prominences are mainly based on
static structures (Aulanier & De´moulin 1998; van Ballegooi-
jen 2004; Dudı´k et al. 2008; Mackay et al. 2010). The plasma
would be sustained in a pile of magnetic dips in sheared ar-
cades, or in twisted flux ropes due to the magnetic tension
force or the presence of a tangled magnetic field on small
scales (Lo´pez Ariste et al. 2006; Lites et al. 2010; van Balle-
gooijen & Cranmer 2010). Only recently has it been possible
to create MHD models with a self-consistent plasma-carrying
flux rope and producing in situ condensation forming a promi-
nence (Xia et al. 2014; Terradas et al. 2015).
All of these models are consistent with previous measure-
ments of the magnetic field in prominences. Polarimetry of
prominences was achieved in the 1980s (Leroy et al. 1984)
which showed that the prominence magnetic field vector was
almost horizontal (60◦ to 90◦ from the vertical). The diag-
nostic techniques developed during this time period involved
only the Hanle effect, neglecting the Zeeman effect (Bom-
mier et al. 1994). It now appears that the second effect can-
not be ignored. New inversion codes have been developed
to include both of these effects, and they are now being ap-
plied to new sets of full Stokes vector observations (Lo´pez
Ariste & Casini 2002; Casini et al. 2003; Lo´pez Ariste &
Aulanier 2007; Lites 2014). Since 2012, the French Te´lescope
He´liographique pour l’Etude du Magne´tisme et des Insta-
bilite´s Solaires (THEMIS) in the Canary Islands with the
MulTi Raies (MTR) mode has been observing prominences
during a number of international campaigns. More than 200
observations of prominences have been made in the He I D3
line, from which statistics have been presented – during the
IAU S305 symposium (Lo´pez Ariste 2015; Schmieder et al.
2015) – and case studies have been published (Schmieder
et al. 2013, 2014). The principal result is still that the mag-
netic field is mainly horizontal in prominences. However, not
all structures that are observed over the solar limb are promi-
nences in the classical sense. To identify a prominence it is
necessary to have observations of the corresponding Hα fila-
ment overlaying a magnetic inversion line a few days before
its passage across the limb.
In this paper we present and discuss magnetic field maps
of atypical prominences that have been observed with the
THEMIS/MTR instrument during these campaigns. These
prominences are not typical prominences, in the sense that
the measured magnetic field inclination presents some depar-
ture from the predominantly horizontal field found in typical
prominences. The examples presented here were identified as
quasi-vertical tornadoes or jet-like prominences. We also
measure the magnetic field in bubbles below prominences,
which is a very important, yet still unknown, parameter in the
simulation of Rayleigh-Taylor buoyancy instabilities, which
are responsible for the formation of bubbles (Ryutova et al.
2010; Berger 2014).
In Section 2 we describe the polarimeter operating in the
THEMIS telescope in the Canary Islands, as well as the data
reduction and analysis, in Section 3 we discuss the atypical
prominences with context images obtained by both ground-
based and space-based instruments (i.e. SDO/AIA filters and
Hinode/EIS spectrograph and Hinode/SOT). We present ex-
amples of each particular case (prominences with bubbles,
tornadoes and an eruptive prominence) and discuss the role




The THEMIS/MTR instrument allows us to make spec-
tropolarimetric measurements in the He I D3 line in promi-
nences (Lo´pez Ariste et al. 2000; Paletou et al. 2001). The
spectrograph slit is commonly orientated parallel to the limb.
The double-beam polarimetry requires the use of a grid mask
presenting three segments 15.5′′ wide along the slit, but which
masks regions of 17′′ between each segment. The masked re-
gions allow us to obtain a double image with opposite polar-
ization to the unmasked ones, but force the observer to scan in
the direction along the slit by one step of 15′′ to fill the holes
in order to get continuous coverage of the prominence. This
mode of scanning along the slit introduces jumps and dark
lines to the intensity images and Dopplershift maps made us-
ing the He I D3 line, such as those presented as an example
in Figure 1. The zero velocity in the lower panel of Figure
1 is arbitrary, as it is calculated by taking the average across
the whole raster. Therefore it does not take into account any
potential movement of the whole prominence, and should be
viewed as a relative Doppler shift. There is a gradient of ve-
locities from the bottom to the top of the tornado and an in-
crease of 1.8 km s−1.
In addition to that scan along the slit, a more traditional scan
perpendicular to the slit with steps of 2′′ from the limb to the
top of the prominence was performed. Fields of view of 120′′
× 20–40′′ are covered in about half an hour to an hour with
an exposure time of 2 seconds per Stokes parameter and scan
position. Full polarimetry with beam-exchange is done with
a modulation cycle of 6 images, spanning the three Stokes
parameters with either positive or negative sign measured in
every beam, and the simultaneous double beam measuring the
opposite sign. Each Stokes parameter is thus measured in the
same camera pixel at two different times and in two differ-
ent pixels at the same time. This symmetry of measurements
results in high polarimetry precision and a reduction of the
systematic errors to a fourth order perturbation of the signal.
Each cycle was repeated five times to increase signal-to-noise
(S/N) ratios.
2.2. THEMIS spectropolarimetry
Raw data from the THEMIS/MTR observations has been
reduced using the DeepStokes procedure, which is outlined
in Lo´pez Ariste et al. (2009). Data reduction included flat-
fielding, dark current and bias subtraction, wavelength cali-
bration and a careful handling of the polarization signals. The
results of the data reduction are cubes of spectra for the He I
D3 line in intensity, linear polarization (both Q and U) and
circular polarization (V), for all points along the slit and all
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Figure 1. Observation from May 23, 2014 at 15:24 UT obtained by THEMIS
in the He I D3 line. Top: Intensity map in He I D3. Bottom: Doppler shift
map. There is a velocity difference of ∼2 km s−1 between the red and blue.
The pixel size is 0.23′′ in x and 2′′ in y.
positions of the double scan. S/N ratios are higher than 103
at the He I D3 line core in central parts of the prominence for
each of the Stokes parameters.
The Stokes profiles are taken as the inputs of an inversion
code based on Principal Component Analysis (PCA) (Lo´pez
Ariste & Casini 2002; Casini et al. 2003). This code effi-
ciently compares the observed profiles to those in a database,
which was generated using synthetic models of the polariza-
tion profiles of He I D3 (see Lo´pez Ariste & Casini (2002) for
more details). The comparison is made independently pixel
by pixel. The database we used contains around 90000 pro-
files, computed as the emission of a single He atom in its
triplet state, modelled with the 5 levels of lower energy of the
He triplet system. The atom is polarized by the anisotropic
radiation from the disc below the prominence. The atomic
polarisation depends on the height of the scattering volume,
which is one of the free parameters of the model. Collisions
are not taken into account. The atomic polarization of the he-
lium atom is modified by a single vector magnetic field with
free strength, inclination and azimuth. The Hamiltonian of
the atom includes all terms with its Zeeman sublevels splitting
linearly with the magnetic field. We solve the density matrix
of the atom in statistical equilibrium; the solution contains all
populations and quantum coherences, including atomic align-
ment and orientation, for all levels involved in the He triplet
atom model. The Hanle effect of every level is thus computed,
as well as the Zeeman effect. From the resulting populations
and coherences we compute the polarization dependent emis-
sion terms, in whatever direction we are observing. The scat-
tering angle is thus a free parameter of the model too. Several
million profiles are computed and used to build the database,
keeping just those which are different enough and rejecting
others so that the database fills the space of possible profiles
as homogeneously as possible, while keeping its size small.
The He I D3 line at 5876 Å is seen as a doublet, where
the sensitivity of each component to the Hanle effect is differ-
ent. Saturation of these lines is not an issue under prominence
conditions. These facts allow us to better constrain ambigui-
ties and error bars. This is in contrast with the other important
helium line in prominences, as the He I 10830 Å line (Orozco
Sua´rez et al. 2014). The analysis of the information contained
within the two helium lines made by Lo´pez Ariste & Casini
(2005) and Casini et al. (2009), using PCA-based inversion
codes, demonstrated that the He I D3 line better constrains
the solution. In particular, this results in better determined
field strengths and inclinations that seldom suffer from the
90◦ ambiguity. Furthermore, the PCA inversion code, thanks
to its global search, provides a solution and error bars for ev-
ery pixel in the observation. This error bar is computed as
the standard deviation over all solutions in the database that
fit the observation within predefined margins. They include
noise-related errors, but they also point to ambiguities. Well
inverted profiles can be declared free of ambiguities other than
the ubiquitous 180◦ ambiguity in the azimuth of the field (in
the reference frame of the observer). Because of this, the few
situations in which the 90◦ ambiguity could appear in our so-
lutions, would be conspicuous due to large error bars of 90◦ or
more. We have not found problems of this kind in the datasets
presented in this work, indicating that they are free from the
90◦ ambiguity.
After comparison of an observed profile with all those in
the database, the most similar profile is kept as the solution.
The main output is the vector magnetic field, and we check
that the other free parameters of the model (height above the
photosphere and scattering angle) are in a typical range where
the polarization of He I D3 is not so dependent on their val-
ues. The retrieved heights are in the ballpark of the observed
heights, but they do not carry any new information. As said
above, height and scattering angle are free parameters of the
model used for inversion. However, the simulations of Lo´pez
Ariste & Casini (2002) show that the uncertainties in those pa-
rameters are quite large, even if the other magnetic parameters
are still determined reliably.
Error bars are determined for the magnetic parameters by
doing statistics on all other models that are sufficiently simi-
lar to the observed ones, but not as similar as the one that is
selected as the solution. It is important to stress that, although
there is always one case in the database that is the most sim-
ilar to the observed one, this does not mean that it is a good
fit. It is therefore important to keep a measure of how similar
they are, and to check that all conclusions about the magnetic
field strength or orientation are based upon sets of profiles that
correctly fit the observations.
3. BUBBLES BELOW PROMINENCES
Bubbles underneath prominences are frequently observed
by Hinode/SOT and SDO/AIA (Berger et al. 2008; Dudı´k
et al. 2012; Guna´r et al. 2014). They appear as dark struc-
tures in Hα and bright in AIA 171 Å and 193 Å. The dy-
namic behaviour of prominences was studied by Berger et al.
(2010, 2011), who described the evolution of bubbles produc-
ing small-scale plumes rising upwards. These plumes could
transport hot plasma upwards, which could then condense and
fill the cavity. The magnetic topology of prominence bubbles
was studied by Dudı´k et al. (2012) and the possible mech-
anism for triggering the dynamic behaviour of bubbles and
plumes was modelled by Hillier et al. (2011). Guna´r et al.
(2014) argued that the prominence bubbles could be formed
due to perturbations in the magnetic field by parasitic bipoles
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Figure 2. Bubble observed on the 24 May, 2014. Left: Hα image from the NSVT instrument (movie available online, image courtesy of Xu Zhi). The black
arrow indicates the location of the bubble. Right: THEMIS/MTR maps made using the He I D3 line. From top to bottom: Intensity (reversed grey scale),
magnetic field strength, inclination, and azimuth. White arrows indicate strong magnetic fields around the bubble. The white arrows indicate the location of the
bubble in the NSVT and in the THEMIS images. The red arrows are pointing the two different structures of the prominences.
on the solar surface, causing them to be devoid of magnetic
dips. The bubbles would be surrounded by a separatrix, a thin
layer of current where magnetic field can reconnect. The rise
of the dome-like bubble would be due to the magnetic pres-
sure being larger in and around the bubble than in the promi-
nence itself, and the plasma moving up and down would be
caused by reconnection along the separatrix.
On May 24 2014, a bubble was identified underneath a
prominence by the New Vacuum Solar Telescope (NVST) in
Kunming, as seen in Figure 2 (left panel) (Shen et al. 2015).
THEMIS observed this object at around the same time, and
Figure 2 (right panel) presents the maps obtained after inver-
sion of the Stokes parameters recorded in the He I D3 line: in-
tensity in reverse colour, magnetic field strength, inclination,
azimuth. The origin for the inclination is the local vertical,
and the origin of the azimuth is the line of sight (LOS), in
a plane containing the LOS and the local vertical. Unfortu-
nately, observation conditions during this sequence were far
from ideal and the S/N ratio is low all over the prominence,
in the bubble in particular. It is difficult to detect any signal.
However we note a higher magnetic field strength at the edge
of the bubble reaching 50 Gauss, shown by white arrows in
Figure 2, a tendency which re-appears in subsequent data for
which we lack of the imaging counterpart of this example.
This ring of higher magnetic field around the bubble could
correspond to a magnetic separatrix (Guna´r et al. 2014).
The second example of a bubble was observed on May
7, 2015 with AIA in 193 Å and in Hα (Meudon Solar
Tower/MSDP) (Figures 3 a, b, c). The inclination, field
strength and azimuth maps, derived from THEMIS data, are
also noisy, as can be seen in the images (Figures 3 d). This
time the S/N ratio is not to blame, but rather our modelling of
the prominence magnetic field. To enlighten us, we present
cuts parallel to the limb made close to the solar surface, near
the base of the prominence (8′′above the surface), together
with another one higher (32′′) crossing the bubbles at x =
30′′, 45′′, 55′′ (Figure 3 e). These locations correspond ap-
proximately to the arrows shown in the AIA and Hα images
(Figure 3 a, b, c). The bubbles move relatively quickly and,
due to the fact that the THEMIS image takes one hour to be
made, they are not quite at the same places in the AIA image
and in the THEMIS image. Even though this co-alignment is
approximate, it suggests that the magnetic field is relatively
large in the areas of the bubbles (30 – 60 G in some pixels
at the edges), confirming the possible presence of a separa-
trix around the bubble, and that magnetic pressure could be
the dominant parameter to explain the rise of bubbles (Guna´r
et al. 2014). The inclination shows two distinct behaviours
in this prominence that explain the noisy aspect of the im-
ages. In Figure 4 (c), a histogram over the whole prominence
shows that the correctly fitted profiles (blue bars with errors
smaller than 10◦) concentrate around horizontal values (90◦).
However, contrary to other well studied cases, rather than a
Gaussian peak centered at 90◦, we observe an unusual bi-
modal distribution with peaks at roughly 80◦ and 100◦, in-
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(a)	  
(b)	   (c)	  
(d)	   (e)	  
Figure 3. Bubbles under a prominence observed on the 7 May, 2015.(a) Hα image from the MSDP instrument at Meudon. (b) and (c) AIA 193 Å image of
the prominence. Red arrows indicate the approximate locations of the bubbles. Panel (c) has the He I D3 intensity image superimposed onto AIA 193 Å. (d)
THEMIS maps for the prominence and bubbles using the He I D3 line. From top to bottom: Intensity (reversed grey scale), magnetic field strength, inclination,
and azimuth. (e) Cuts through the prominence and bubbles shown in (c); Upper: Intensity (left) and inclination (right). Lower: Field strength (left) and azimuth
(right).
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Figure 4. Histograms of magnetic field inclination with respect to the local vertical for the different prominence types presented here. (a) Tornado observed on
23 May, 2014. (b) Tornado observed on 15 July 2014. (c) Prominence with bubbles observed 7 May, 2015. (d) Eruption, observed on 15 October, 2012. Blue
bars show points where the error in the inclination is less than 10◦, the red lines indicate where the error is larger than 30◦. In (a) and (b) a Gaussian of FWHM
10◦ has been drawn representing the expected error distribution from the inversion.
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Figure 5. Tornado observed on 2014 May 23. Top: Intensity maps in Hα from the Meudon Solar Survey instrument (left, tornado is northern column), Ca II
from Hinode/SOT (centre), and AIA 171 Å image (right, tornado is northern column). A movie of the AIA 171Å image is available online. Bottom: Intensity
(left) and velocity (right) maps made using the Fe XII 195.119 Å line observed by Hinode/EIS. These maps show a zoomed-in region of interest around the
tornado. The horizontal stripes in the EIS images are due to warm pixels on the EIS CCD. Contours are taken from AIA 171 Å image shown. Note: all images
have different spatial scales.
dicating a perturbed magnetic field departing from the stable
horizontal geometry. Looking at the bubbles themselves, the
inclination shows two distinct values at around 60◦ and 120◦.
Neighbouring pixels randomly show one or other of these val-
ues. As seen in the histogram, these characteristic values are
found in solutions with large error bars, larger than 30◦, which
is a symptom of bad inversions. In these cases, the inversion
algorithm cannot find a correct solution using a single vector
magnetic field and provides an alternative solution which, al-
though incorrect, is systematically the same. As described by
Schmieder et al. (2015) and Lo´pez Ariste (2015) such solu-
tions have been associated with turbulent fields, mixed with
a dominant, horizontal background field. This is the interpre-
tation that we favour here for the fields found at the bubble
pixels.
Given the observational geometry of a bubble, it is clear that
most of the light may not be coming from inside the bubble,
but rather from the plasma in the walls in front and behind the
bubble. What is clear from our data is that, whether inside,
in front of or behind, the magnetic field shows a turbulent
component on top of the stable horizontal geometry with a
tendency to strong fields. If bubbles are understood as origi-
nating in parasitic magnetic polarities protruding and disturb-
ing the background magnetic geometry of the prominence, it
is not surprising that the full body, even outside the bubbles,
presents an unusual magnetic topology. This is perhaps the
reason for the slight (barely 10◦), though ordered, departure
from the horizontality that is found elsewhere in this promi-
nence.
4. TORNADO MAGNETIC FIELD
We find the name “tornado” in the prominence classifica-
tions of Pettit (1932). These tornado prominences were de-
scribed as such: “The spiral form in a prominence sometimes
gives it the appearance of a closely wound rope or screw”.
Recently, dark prominence legs observed in AIA 171 Å im-
ages look as if they are rotating around a central axis (Li et al.
2012). In this paper we refer to these features as “torna-
does”, regardless of if they are truly rotating or not. Hin-
ode/EIS revealed a split blueshift and redshift pattern with
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Figure 6. Tornado of 2014 May 23: Hα observations of Ondrˇejov observa-
tory at 13:00 UT – 13:04 UT. (a) and (c) show the slit jaw images, (b) and
(d) their respective spectra. The arrows indicate positions where the Doppler
velocities have been measured (courtesy of P. Kotrcˇ).
anti-symmetry along the vertical axis of the tornado, which
is perpendicular to the limb, suggesting that there is rotation
around this vertical axis (Su et al. 2014; Levens et al. 2015).
Obviously, it is important to investigate the magnetic field,
which governs these tornadoes. We had the opportunity to ob-
serve several such tornado-like prominences during the inter-
national observing campaigns in 2014 and 2015. These struc-
tures were mainly identified by their silhouette in the AIA 171
Å and 193 Å filters. We present the results of two tornado-
like prominences which were also observed by THEMIS on
May 23, 2014 and July 15, 2014.
Context images of the tornado of May 23, 2014 are pre-
sented in Figures 5 and 6. The tornado of May 23, observed
with Hinode/EIS in Fe XII at 195 Å presents blueshifts and
redshifts (± 3 km s−1) as seen in Figure 5. The characteris-
tic tornado pattern is seen along the axis, even if it is not as
clear as shown in the case of Su et al. (2014). It is for this
reason, along with the visual identification from AIA chan-
nels, that we refer to these features as ‘tornadoes’. In Hα,
this prominence appears as two columns in the survey im-
ages of Meudon, Kanzelho¨he and Ondrˇejov. In high resolu-
tion Ca II images obtained by Hinode/SOT, horizontal strands
or loops are observed from both sides of the columns (Figure
5). Ondrˇejov observatory observed the prominence of May
23 2014 at 13:00 UT and 13:04 UT (see Figure 6). The slit
of the spectrograph, represented by a vertical line in the slit
jaw, crosses the prominence in two sections. The Doppler
shifts along the slit from low altitudes to higher altitudes are
between 8.7 km s−1 and 7.1 km s−1, which represents a differ-
ence of 1.6 km s−1, in relative agreement with the measure-
ments in He I D3, as can be seen in Figure 1.
Figure 7 (a) presents the maps from the THEMIS observa-
tions on May 23 2014, obtained after inversion of the Stokes
parameters recorded in the He I D3 line (from top to bot-
tom): intensity, magnetic field strength, inclination, and az-
imuth. The field strength is commonly below 15 G. With a
field strength upper limit reaching 50 G, we see that values
this high are achieved in a few isolated spots.
As usual we focus on the inclination with respect to the
local vertical. The brightest parts of the prominence have a
mean inclination of 90◦ which means that the magnetic field
is mainly horizontal (Figure 7). Figure 4 (a) shows the his-
togram which presents a main peak at 90◦ for the correctly
inverted peaks (errors < 10◦), this time with a more typical
Gaussian shape, indicating that the departures from horizontal
are random inversion errors rather than a true physical depar-
ture. The profles with errors > 30◦ accumulate at two peaks
on the sides, but contrary to the bubble case, this time their
maxima are found at around 30◦ and 150◦. Since these inver-
sions are not well defined, we should not hastily conclude on
the presence of vertical fields, but rather on unusual magnetic
topologies.
The tornado of July 15, 2014 is well documented in Levens
et al. (2016). Figure 8 (left column) shows the maps of July 15
2014 which have been obtained from THEMIS data. We see,
once again, two columns that are largely orange in the inclina-
tion maps, which suggests a horizontal direction for the mag-
netic field (90◦). Looking in more detail, the histogram of the
inclination (Figure 4 (b)) for this observation again presents
an intense and Gaussian peak centred around an inclination
of 90◦, which corresponds to a horizontal magnetic field, but
also shows extended secondary peaks between 30◦ and 60◦
and between 120◦ and 150◦ for those cases with large inver-
sion errors. The blue and white points in the inclination maps
of Figure 8 (left column) can now be seen to have error bars
larger than 30◦ and, as before, we cannot conclude that there
are vertical fields. After comparison with previous histograms
of inclination, both in this work and in the cited literature, one
is tempted to identify two distinct contributions in the his-
togram of inclinations with large errors. The first one is made
of the now familiar peaks at 60◦ and 120◦, already found in the
bubble case above, and analyzed by Schmieder et al. (2014)
and Lo´pez Ariste (2015). These points can be interpreted as a
background horizontal field mixed with a turbulent, isotropic,
component. The second contribution would be made of two
new peaks centered at 30◦ and 150◦, as those found in Figure 4
(a) (corresponding to the tornado observed on May 23, 2014).
This solution, that we refer to as 30/150 here for commodity,
appears to be associated to tornadoes in our datasets. Even
when looking into larger datasets than those analyzed in this
work, we only see it appearing associated to tornado struc-
tures and nowhere else. We conclude that tornadoes present
a singular and distinct magnetic topology that, when seen
through the observation setup of THEMIS, results in profiles
for which the PCA inversion code finds no appropriate solu-
tion. Several cuts (Figure 7 (right column), Figure 8 (right
column)) at selected heights through both tornadoes show the
distribution of these three solutions over the prominence, as
well as the actual values of the error bars. These errors can
be seen to be as large as 60◦ when the 30/150 solution is re-
tained, but in spite of this they do not appear to be due to the
90◦ ambiguity. Still looking for the meaning of this distinct
solution in tornadoes one can speculate that it may be due to
the discrete nature of the database used for inversion and that,
somehow, the Stokes profiles observed in tornadoes are sim-
ply missing from the database. While we cannot exclude this,
the use of several different databases, all created with Monte
Carlo techniques, reduce the probability of this explanation.
We advocate that the explanation to the 30/150 solution is
similar to the one found for the peaks at 60◦ and 120◦. In that
case it was found that a horizontal background field mixed
with a turbulent isotropic field resulted in profiles that the
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PCA inversion code could not invert, but to which invariably
it attributed solutions with either an inclination of 60◦ or 120◦,
but with large error bars. This is basically what we expect for
the 30/150 solution: a complex magnetic topology, mixing
several magnetic fields in our resolution element (both tem-
poral and spatial) and resulting in profiles which cannot be
inverted by our model but for which the 30/150 solution is of-
fered as the best match. What such complex topology may be
can only be suggested by the theoretical modelling of torna-
does.
5. MAGNETIC FIELD VECTOR IN AN ERUPTIVE PROMINENCE
The last case presented here is a prominence observed with
THEMIS on 12 October, 2012 at PA = 311◦. The shape of the
prominence was changing rapidly, and jet-like vertical struc-
tures were observed in the AIA 304 Å images (Figure 9, top
panels). Two scans were made during this rapid evolution,
the first one lasted from 11:00 UT – 12:00 UT and covered
42′′, from 8′′ off limb to 48′′. The second scan was obtained
6 hours later, between 17:00 UT and 18:00 UT, and covered
26′′. Figure 9 (bottom panels) shows the maps of intensity,
magnetic field strength and orientation for the two scans. The
rapid evolution seen in this prominence should cease any in-
terpretation of these maps as static pictures of the prominence
at a given time. The prominence was evolving as the scan
proceeded, and the maps reflect this evolving picture. Nev-
ertheless, our interest in this particular prominence is not to
do with the spatial or temporal distribution of magnetic field
properties, but rather in the fact that generally the inclination
of the field shows strong departures from horizontal. Figure
4 (d) shows the usual histogram for the inclination values and
the difference with all other previous histograms is clear. Well
inverted profiles, with no ambiguity in the inclination, are
almost evenly distributed from 50◦ through 140◦, with two
peaks around 50◦ and 130◦. We stress the fact that, contrary
to the previous cases, these are correct inversions, with error
bars smaller than 10◦.
Two conclusions can be extracted from this particular
prominence. The first one is a confirmation of the conclu-
sions from the numerical tests on the inversion strategy: when
vertical fields are present, we can measure them. If usually
we only measure horizontal fields it is because only horizon-
tal fields are present in the observed prominences. By ver-
tical we mean non-horizontal, and unable to support plasma
against gravity. Clearly a field inclined 50◦ from the verti-
cal is not strictly vertical, but it is not a field that can support
prominence plasma for a long time.
The second conclusion concerns the magnetic field in an
erupting prominence. Although a clear picture of the topol-
ogy of this field cannot be retrieved from the data it is obvious
that the prominence has abandoned the stable magnetic fields
which are characteristic of quiescent prominences. In doing
that we observe the magnetic field tilting more than 40◦ from
the horizontal and the plasma erupting in jet-like structures.
As expected, we confirm that in an erupting prominence the
magnetic field has abandoned the horizontal geometry that al-
lows it to support plasma.
6. DISCUSSIONS AND CONCLUSIONS
We were able to observe nearly 200 prominences during
several observing campaigns from 2012 to 2015 with the
spectropolarimeter at the THEMIS telescope. For the ma-
jority of them, what we refer to as typical prominences, we
detect a horizontal magnetic field (Lo´pez Ariste 2015). The
inclination histograms of those typical objects present a large
maximum around 90◦, Gaussian in shape, with a FWHM of
roughly 10◦ corresponding to the inversion noise. That hor-
izontal field is all that can be confidently measured in a typ-
ical prominence. The histograms also show secondary lobes
around 60◦ and 120◦. Such inversions correspond to Stokes
profiles of the He I D3 line for which no solution can be found
in terms of a single vector magnetic field. Since those peculiar
profiles are always very similar to one another, the inversion
code always produces the same set of solutions as the nearest
model it can find. We found that Stokes profiles consisting
of the addition of a horizontal field plus a turbulent field in
the same pixel can give a solution similar to those particu-
lar profiles (Schmieder et al. 2014). We cannot ensure that
other complex models of the kind would not produce similar
profiles, but since we observed chaotic plasma motions in the
same places that those solutions were found lead us to remain
with this interpretation: the two peaks at 60◦ and 120◦ in the
inclination histograms correspond to turbulent fields on top of
a background horizontal field.
How can we trust the results from our inversion when faced
with this problem of inhomogeneity? We can imagine two
different scenarios: In the first, a prominence is made of the
accumulation along the line of sight of optically thin struc-
tures that we can approximate as prominence threads. If the
magnetic field is homogeneous enough along the line of sight,
the average of the individual signals will not change the polar-
ization patterns along the spectral line and our inversion will
correctly fit the profiles. If, on the other hand, the magnetic
field is very inhomogeneous, then the averaging will result
in a “nonsense” profile in which the Hanle and Zeeman ef-
fects will average differently. The inversion code will not fit
such profiles. In the present work we have identified such be-
haviour in our histograms of inclination and even proposed a
turbulent scenario which reproduces one of the cases. A sec-
ond scenario is that of an optically thick prominence. Each
helium atom in the prominence is illuminated by two radia-
tion fields: A first one made of the anisotropic cone of light
from the photosphere that introduces atomic polarization and
which is what our inversion code computes, and a second one
made of the isotropic illumination from neighbouring atoms
in the prominence. This second radiation field introduces no
atomic polarization. The conclusion here is therefore that the
effect of the presence of radiative transfer is either a depolar-
ization that does not affect the inferred magnetic field, either
an averaging of signals over homogeneous enough structures
to still be interpreted with our tools, or over inhomogeneous
structures, in which case we obtain anomalous peaks in our
histograms for which we try to propose sound models. Thus,
we must also consider other strategies for interpreting our ob-
servations, such as detailed forward modelling of the observed
scattering polarization signals using realistic 3D models of
solar prominences and forward modeling techniques similar
to those currently applied to the solar chromosphere (Sˇteˇpa´n
et al. 2015), taking into account the limited spatial and tem-
poral resolution of the THEMIS observation.
Building upon this, we focused this paper on special cases
of prominences to see whether their magnetic field presented
peculiar characteristics – primarily those which presented a
large error upon inversion. We focused on three features of
recent interest, namely bubbles, tornadoes, and a jet-like erup-
tive prominence. In all cases we found magnetic fields that,
one way or another, departed from the general result on hor-
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Figure 7. THEMIS observation of the tornado of the 23 May 2014. (a) From top to bottom: Intensity (reversed grey scale), magnetic field strength, inclination,
and azimuth. (b) Cuts through the prominence at two altitudes, showing again intensity (upper left), magnetic field strength (lower left), inclination (upper right),
and azimuth (lower right). The two altitudes are at 12 ′′ (plus signs) and 2 ′′ (triangles). The origin of the cuts in the left panels is at x = 18′′. The dashed lines
in the panels of field strength and inclination represent the computed errors.
izontal fields described above as corresponding to the typical
prominence. Because of this we refer to these objects as atyp-
ical.
The first feature studied are “bubbles” observed below
prominences. Two cases were identified and are presented
here. The interest of the first one is that the same promi-
nence has been studied and published in the literature before
(Shen et al. 2015). Unfortunately, the signal-to-noise ratio is
very low and near to no conclusive results can be drawn from
the data. The only apparent result from this particular promi-
nence with bubbles is that they appear to be surrounded by
a relatively strong field (50G). The second prominence with
bubbles we studied appears to confirm this result while also
producing turbulent fields on top of a background horizontal
field. This would confirm the prediction of the existence of
highly magnetized plasma inside the bubble, itself outlined
by a magnetic separatrix within the prominence (Dudı´k et al.
2012). The rise of the bubble would be driven by this atyp-
ical magnetic field, and not by hot plasma inside the bubble
(Berger 2014).
The second feature that has been studied is tornadoes. Mag-
netically, all the cases present a common fact: the magnetic
field inclination presents a primarily horizontal direction, but
has two different kinds of secondary lobes in the histogram.
One set of lobes is located between 60◦ and 120◦, and corre-
sponds to the scenario described above – a turbulent field on
top of a background horizontal field. However, a second set
of lobes with maxima at 30◦ and 150◦ appears exclusively in
the case of tornadoes. The field strength is generally around
15 G, but can reach 40 – 60 G in places.
The model presented by Luna et al. (2015) for the magnetic
field in tornadoes is an interesting one, with a twisted mag-
netic field structure around a central axis. The magnetic field
in the centre would be mostly vertical, with the field becoming
more helical towards the outer edges. This model would pro-
vide unresolved mixtures of magnetic field orientations when
run through the inversion code, however the resulting Stokes
profiles would not be well interpreted by our present models,
and would not result in the characteristic peaks that are seen
in these observations. As is discussed in Levens et al. (2016)
we also lack the mixed azimuth distribution that is implicit
with the Luna et al. (2015) model.
The final phenomena that was studied was a jet-like struc-
ture in an eruptive prominence. We measure a non-horizontal
magnetic field in most of the pixels in this structure, with
inclinations tilted to just 50◦ from the vertical. This struc-
ture confirms that whenever there are non-horizontal fields in
prominences, we can measure them. Hence the typical hori-
zontal field measured in typical prominences is not a bias of
our measurement techniques but just the fact that horizontal
fields are the dominant magnetic geometry in prominences.
Atypical (i.e. bubbles, tornadoes, eruptive prominences)
and typical prominences all are key signatures associated with
highly stressed magnetic fields lying above photospheric po-
larity inversion lines. Understanding why and how it is that
only some parts of these magnetic fields are associated with
plasma emission remains one of the longest-standing debates
in solar physics. Theoretical and numerical studies have given





Figure 8. Two tornadoes observed on 15 July 2014 by THEMIS. Left panels: THEMIS maps from the two rasters, each showing the upper and lower parts of the
tornado. Panels show, from top to bottom: Relative intensity (reversed grey scale), magnetic field strength, inclination, and azimuth. Right panels: Cuts through
the two tornadoes at three altitudes in the lower raster. Top panel shows positions of the cuts and identifies tornadoes as T1 (located at x = 14′′ – 26′′) and T2
(located at x = 70′′ – 82′′). Cuts are again relative intensity (upper left), magnetic field strength (lower left), inclination (upper right), and azimuth (lower right)
for each. Cuts are taken at heights of 6′′ (cut 3, plus signs), 12′′ (cut 6, asterisks), and 18′′ (cut 9, triangles). The origin of the cut through T1 is x = 14′′, and that
for T2 is at x = 70′′. The solid and dashed lines in the panels of field strength and inclination respectively represent the computed errors.
several constraints for and insights into the magnetic and
plasma properties of such prominence materials. This has
been done by looking at each independently, i.e. focusing
either on the magnetic field or on radiative transfer modelling
(e.g. DeVore & Antiochos 2000; Aulanier et al. 2002; Karpen
et al. 2005; Guna´r & Mackay 2015). Xia et al. (2014) and
Terradas et al. (2015) were among the first to propose and
study an MHD model of the formation of a self-consistent,
plasma-carrying flux rope, with in situ condensation, form-
ing a prominence. Observational studies, however, show that
the magnetic field supporting prominence material is more
complex than the relatively simple flux rope considered by
Xia et al. (see e.g. Aulanier & De´moulin 1998; Aulanier &
Schmieder 2002; van Ballegooijen 2004; Jiang et al. 2014).
Similar MHD studies with more complex magnetic structures
will open up new ways for investigating the formation of
prominences.
Combining multi-wavelength observations with high ca-
dence and high spatial and spectral resolution is fundamen-
tal to diagnose properties of the plasma and magnetic fields
in prominences. Starting in early 2018, THEMIS will be up-
graded with adaptive optics (AO) allowing it to improve spec-
tropolarimetric measurements. First with an increase by a
factor of 2 in transmission the maps will be built in shorter
times with the same polarimetric precision. Secondly the AO
itself, which even beyond the limb will stabilise the image.
It has been estimated that the spatial resolution will reach
0.25′′and at 1 arc minute from the correction centre of the
AO, the image resolution will be degraded to 0.32′′, which
is a large improvement on the current 1′′ resolution. Mean-
while, the Coronal Multichannel Polarimeter (CoMP; Tom-
czyk et al. 2008) produces coronal spectropolarimetric mea-
surements of forbidden lines in the near infrared. Such obser-
vations complement those of THEMIS by giving polarimetric
data not only about the prominence, but also about its sur-
roundings (Ba¸k-Ste¸s´licka et al. 2013; Rachmeler et al. 2013,
2014). This provides valuable information and constraints for
magnetic field diagnostics (Dalmasse et al., in prep.). Coor-
dinated observations with instruments such as CoMP, IRIS,
the upgraded THEMIS, ALMA, and later with DKIST (that
will perform spectropolarimetric measurements such as the
ones from THEMIS and CoMP) will provide unprecedented
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Figure 9. Prominence eruption observed on 15 October 2012. Upper panels: Images from AIA using the 304 Å filter, showing the evolution of the prominence
eruption from 11:21 UT to 16:56 UT. An animation is available online. White boxes indicate approximate FOV of the THEMIS rasters. Lower panels: THEMIS
observations of this eruption at (a) 11:00 – 12:00 UT, and (b) 17:00 – 18:00 UT. From top to bottom: Intensity (reversed grey scale), magnetic field strength,
inclination, and azimuth.
diagnostics to analyze the plasma and magnetic properties as-
sociated with prominences and bring stronger constraints for
theoretical and numerical modelling.
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